We have investigated the technique to detect acoustic emission (AE) signal using a laser interferometer, which can directly detect the surface velocity due to microcracking. Thermal cycle test for Al 2 O 3 /NiCrAlY/SUS304 coatings using an infrared image furnace was carried out in order to evaluate the failure process. Laser AE measurement system was improved to increase the sensitivity of AE monitoring for coatings. Microfracture mode during thermal cycle test was analyzed based on the measured AE behavior and a finite element method (FEM) simulation of wave propagation. From the result of waveform analysis, it was found that shear mode microfracture occurred toward the center from one of the edges of the specimen. This result agreed with the propagation direction of delamination determined from AE location results and the observation of the specimen after the thermal cycles were loaded.
Introduction
In recent years, the operation temperature of gas turbines has been increased markedly to achieve high efficiency. This trend requires structural materials with improved stability and mechanical properties at temperatures above 1773 K. Ceramic coatings that provide heat shield and thermal stability to the surface of the matrix, so-called thermal barrier coatings (TBCs), are indispensable. 1) As turbines experience external and thermal stresses constantly or periodically, studies on the mechanical properties and failure process of TBC at elevated temperatures are essential. Many studies on the mechanical properties of TBC have been reported. These studies have demonstrated that the failure of TBC under thermal cycles is caused by the cracking of the coating, delamination of the interface and spalling of the topcoat. These degradations are considered to be caused by thermal stress originating from the thermal expansion mismatch between the coating and the substrate.
2) The thermally grown oxide (TGO) layer between the topcoat (TC) and the bond coat (BC) formed by the oxidation of the BC also plays an important role in the degradation process. 3) For the reliability assessment of TBCs, nondestructive evaluation (NDE) of residual lifetime is indispensable. Various NDE methods have been applied to the basic research on the mechanical properties and field testing of TBC, e.g., the detection of the degraded part by infrared thermography, 4) impedance spectroscopy 5) and ultrasonic testing, 6) and residual stress measurement by speckle interferometry, 7) Raman spectroscopy 8) and neutron diffraction. 9) Acoustic emission (AE) is sensitive in detecting the initiation or growth of microcracking and suitable for the in-situ monitoring of the failure process. Previous studies on the failure process of TBCs by AE can be classified into failures due to mechanical loading and these due to thermal loading.
In mechanical testing such as bending, [10] [11] [12] [13] AE sensors are directly attached to the coating materials. However, the piezoelectric transducer has limitations when used at elevated temperatures due to the Curie temperature (up to approximately 773 K). In high-temperature testing (e.g., thermal shock, thermal fatigue, heat exposure or creep test), AE sensors have to be protected during measurement. The use of waveguides is required during heating with an electric furnace. 14, 15) The substrate is required to be cooled when the coated surface is only heated by a burner. 16) Sensors are attached at distant positions from the heat spot or to low temperature areas in case of local heating of the coated surface with a focused laser beam. 17, 18) Quantitative waveform analysis of AE signals detected at elevated temperatures is also difficult because the waveform detected using the waveguide is significantly modulated. We have investigated the technique to directly detect AE signals using a laser interferometer which can detect an elastic wave at the surface of materials, and it was demonstrated that it is a very powerful tool for noncontact AE measurement. 19, 20) The laser AE technique has many advantages: noncontact, micron-order spot diameter, absolute measurement of surface velocity, and applicability in a wide range of environmental conditions such as at elevated temperatures or in corrosive atmospheric conditions. However, the sensitivity of the laser AE technique is lower than that of the conventional AE technique and a mirror-polished surface of the specimen is required to reduce scattering of the laser beam. Therefore, the development of a high-sensitivity laser AE measurement system is required to apply this technique widely.
In this study, we applied the laser AE technique for the investigation of the failure process of Al 2 O 3 /NiCrAlY/ SUS304 atmospheric plasma spray (APS) coating during a thermal cycle test. The evaluation of microfracture was attempted using quantitative AE parameters (generation temperature, AE event, microcrack size and location of AE) and the microfracture mode during the test was analyzed using the detected AE waveform and the simulation of wave propagation by the finite element method (FEM).
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Experimental Procedure

Specimens
In this study, an SUS304 plate with dimensions of 30 Â 30 Â 5 mm 3 was selected as the substrate. Figure 1 shows the shape and dimensions of the specimen. To improve the interfacial adhesion, the obverse side was roughened by sand blasting with #60 of alumina powder, then a BC (NiCrAlY) and a TC (Al 2 O 3 ) were sprayed until thicknesses of 0.2 mm and 0.6 mm, respectively, using 45 kW-class atmospheric plasma spraying equipment and a METCO Type 9MB plasma spraying gun. Alumina powder with a grain size of 10-45 mm (K-16T, Showa Electron Corp.) was used for the TC. The spraying conditions for the specimens were as follows: spraying distance, 75 mm; traverse speed of spraying gun, 500 mm/s; pith, 5 mm; feeding rate of powders, 20 g/ min; arc current, 500 A; and arc voltage, 70 V. The working and auxiliary gases were Ar and He, respectively. All spraying was carried out without forced cooling. The specimens that were introduced an initial defect at the center of the interface were also prepared: first, the BC was sprayed, then a thin layer with a diameter of approximately 0.72 mm was deposited on the BC by BN spray, and finally the TC was sprayed on. The defect size depended on the diameter of the masking template. The reverse side of the substrate was mirror-polished to prevent laser beam scattering.
Laser AE measurement system
Four-channel or six-channel measurement was carried out. Figure 2 shows the configuration of the four-channel laser AE measurement system, where laser beams are illuminated at four spatially different positions on the mirror-polished reverse side of the substrate using four interferometer units and a pyramid-shaped mirror attached to the X-Y-Z-rotation stage. AE signals were detected using laser interferometers and were recorded using an AE analyzer (DCM-140, JTTohsi Corp.). Heterodyne-type laser interferometers consisting of a He-Ne laser (AT-0022, Graphtec Corp.) and demodulators (AT-3500 and AT-3600S, Graphtec Corp.) were used for this study. Frequency filters for AT-3500 and AT-3600S were set, namely, high-pass filters (HPF) of 200 Hz and 50 Hz, and low-pass filters (LPF) of 300 kHz and 200 KHz, respectively. The six-channel system consists of a hexahedral mirror instead of a pyramid-shaped mirror for the alignment of the beam path. Figure 3 shows a loaded temperature history with a heating rate of 10 K/s and a maximum temperature of 1473 K. Samples were maintained at the maximum temperature for 60 s and then air-cooled. Thermal cycles were loaded repeatedly to the center of the topcoat surface using an infrared image furnace with a spot diameter of 10 mm until the final failure of the specimen. Temperature control was carried out with a K-type thermocouple in contact with the center of the TC surface.
Thermal cycle test
Analysis of AE Source
Location of AE
The arrival time interval of the longitudinal wave between AE waveforms detected at each channel was used to estimate the location of the microcrack. We performed two-dimensional source location because the generation point of the microfracture is limited to the thin coating layer in the case of coating materials. Two-dimensional source location was calculated by a nonlinear equation for arrival time using the Simplex algorithm. 21) 
Deconvolution of AE waveform
Single-channel inverse analysis was applied to estimate the microcrack size using the deconvolution method. If the displacement discontinuity of the microcracking has a similar time function f ðtÞ, the moment tensor on plane A is represented as 22 
where G ij;k ðx 0 ; x; tÞ is the Green's function of the i-direction due to the dipole with j-and k-directions, and * denotes a convolution integral in time. In this study, the breaking of a pencil lead was used as the simulated AE signal source because it can generate a reproducible step-like impact force intensity of approximately 5 N and a rise time of approximately 0.9 ms. The Green's function of the media was calculated from the simulated AE signal by the response waveform detected at the epicenter of the media and converted numerically to a dipole from the monopole input. The radius of the microcracking, a, was estimated as follows:
where D 0 is the first peak of the source function, ' 0 is the strength for the microfracture and v is Poisson's ratio.
FEM simulation for wave propagation
Finite elements were prepared using a pre-post processor, eta/FEMB (Livemore Software Corp.). The elements consisted of a substrate, and bond coat and topcoat layer, where both the length and width of the layers are 30 mm, the thickness of the substrate is 5 mm, that of the bond coat is 0.2 mm and that of the topcoat is 0.6 mm. The substrate and the coating layers were divided into solid elements with dimensions of 0:333 Â 0:333 Â 0:25 mm 3 and 0:333 Â 0:333 Â 0:1 mm 3 , respectively. The total number of elements was 218,700. The mechanical properties of the materials used were listed in Table 1 . All layers were assumed to be isotropic elastic bodies. In this study, since the specimens were not constrained during the thermal cycle test, the nodes of the whole elements were allowed to move or rotate freely. The effect of the interfacial contact of each layer was not considered in this calculation.
Evaluation of microfracture mode
Wave propagation behavior was calculated as follows: First, an elastic wave was induced by the input of nine different dipole forces, from D 11 ðxÞf ðtÞ to D 33 ðxÞf ðtÞ, at the localized AE node, and then the responses at the practical sensor positions were calculated. The applied time function f ðtÞ 24) is expressed by
where t r is the rise time of this function. If the intensity of the input moment is 1 Nm, the calculated waveforms correspond to the integral Green's function of the media in time. Input nodes were determined based on the two-dimensional position of the located AE assuming that the AE generation points were only placed in the neighborhood of the TC/BC interface in the ceramics layer. Figure 4 shows one of the configurations of input points. Second, by the superposition of G 31;1 to G 33;3 , the sum of Green's functions corresponding to a pure uniaxial tensile mode (Mode-I), W 3 11 to W 3 33 , or pure shear mode (Mode-II), W 3 12 to W 3 31 , was calculated, e.g. W 3 11 is the sum of Green's function in the out-of-plane direction due to a pure tensile crack onṽ v ¼ ð1; 0; 0Þ plane, whereũ u ¼ ð1; 0; 0Þ is parallel to the crack plane. as shown in Fig. 5 correspond to the microfracture mode in coatings where the delamination of the interface or the vertical crack is assumed as a failure in coating layer. We carried out the analysis of the microfracture mode using the angle in the polar coordinates of the xy system. If an AE event is generated due to vertical cracks in the pure tensile mode, surface displacements and the normal vector can be represented as u u ¼ ðcos ; sin ; 0Þ;ṽ v ¼ ðcos ; sin ; 0Þ:
Substituting this relationship in eq. (2) gives
where i denotes the sensor number. If each component in this equation can be calculated numerically, the direction of the microcrack plane can be estimated as , which simultaneously satisfies the multiequation of eq. (6) for each sensor.
Particularly, if the AE event is assumed to be generated due to the initiation or growth of delamination at the interface in the pure shear mode, we can consider only the W 3 13 and W 3 23 components. The surface displacement and the normal vector can be represented as u u ¼ ðcos ; sin ; 0Þ;ṽ v ¼ ð0; 0; 1Þ: ð7Þ Figure 6 shows the definition of normal directions. Therefore, substituting this relationship in eq. (2) gives
Thus, if each component in eq. (8) is calculated for multiple sensor positions, the satisfying these equations simultaneously is calculated by solving eq. (8) for several sensor positions.
Results
Detectability of laser AE technique
AE signals were detected by the heterodyne-type interferometer and then branched to two types of demodulators: commercial model AT-3500 and improved model AT-3600S. The commercial demodulator was designed for general use to measure vibrations of up to 1.3 MHz thus the electrical circuit was designed for a flat frequency characteristic in the range of 0-1.3 MHz. The AT-3500 has a high noise level in the AE measurement with a LPF of 300 kHz, although the frequency range below 300 kHz is important for AE detection. The AT-3600S, which was developed in this study, is an improved version of AT-3500 and has an electrical circuit designed for minimizing the noise level for the AE measurement with a LPF of 200 kHz, with sufficient sensitivity in the range of 0.5-400 kHz. Moreover, a careful refinement of the light path in the interferometer was carried out to minimize white noise. The noise level of signals detected with each demodulator was investigated by reflection from the fixed mirror. The background noise level was compared using the maximum peak amplitude of the velocity of the background noise signal, . In the case of AT-3600S, was on the order of 0.03 mm/s, 0.05 mm/s and 0.08 mm/s with LPFs of 200 kHz, 300 kHz and 400 kHz, respectively. On the other hand, of AT-3500 was on the order of 0.08 mm/s with a LPF of 300 kHz. Figure 7 shows AE signals during the thermal cycle test detected by the laser AE technique. Figure 7(a) shows an AE signal detected with each type of demodulator. The noise level of the AE signal detected with AT-3600S, i , is smaller than that detected with AT-3500, c . If four laser beams are irradiated on a small area having a radius of approximately 1 mm with a pyramidal mirror, AE signals detected by each of the four channels can be considered to be detected approximately at one point. Figure 7(b) shows an original AE signal of one channel and a numerically averaged signal over four channels. The noise level of the averaged AE signal, a , is smaller than that of the original signal of one channel, o . Significant differences in the AE parameters such as the arrival time of the longitudinal wave and the peak time are not observed between signals with AT-3500 and AT-3600S. Maximum reduction rates of noise level, i = c and a = o , were estimated as 0.28 and 0.52, respectively. Figure 8 shows the variation of noise level with the oxidation of the measurement surface. With increasing thermal cycle number or heat exposure time, the sensitivity of the measurement system decreased gradually. Figure 9 shows an as-sprayed coating after twenty thermal cycles. Figures 9(b) and (c) correspond to the cross sections at each position in Fig. 9(a) observed. From the macroscopic observation of the specimen after final failure, traces of alumina along the vertical cracks in TC were observed on the BC surface and segmentations of delaminated TC along the vertical cracks were observed. Figure 10 shows the distribution of the microcrack radius and temperature history with generation time and number of applied cycles. Microcracks generated during the thermal cycle test can be clearly classified into two groups on the basis of generation temperature: elevated-temperature type which was detected while maintaining the maximum temperature and early stage of cooling (E type), and, the near-roomtemperature type (R type). As shown in Fig. 11(a) , E-type AE events were mainly generated during the early thermal cycles, and then the R-type AE events significantly increased with increasing the number of cycles. Similar behavior was found in the other samples, shown in Figs. 12(d) and (e). Figure 11 (b) shows the distribution of microcrack size, which was estimated by the inverse analysis of the AE waveform, corresponding to AE events in Fig. 10 . Microcrack radii of approximately 30-300 mm were detected until the final failure of the specimen. Microcrack radii of approximately 50-150 mm were mainly generated during each cycle and large-size microcracks were detected with increasing number of thermal cycles. Relatively smaller microcracks were generated at the elevated temperature. E type R type Fig. 11 Distribution of (a) event counts of each type AE, (b) microcrack size of each type AE. Fig. 12 Locations of AE of (a) (b) the specimens without defects, (c) the specimen with a defect, AE behaviors of (d) (e) the specimens without defects, (f) the specimen with a defect. Fig. 10 . AE signals in Fig. 12(f) , which were the result of the other type of sample, could also be classified into E type and R type; however this specimen was fractured after only two cycles. Only the locations of the R-type signal were successfully analyzed. AE events just before the final failure of the specimen are emphasized by circles, where the symbol X denotes the sensor position. Figures 12(a) and (b) show the AE location result of the specimens without artificial defects. The two results showed that AE events were mainly generated near the edges of the specimen and most of the AE events detected just before final failure of the specimen were generated at a specific edge. Figure 12 (c) shows the AE location of the specimen with an artificial defect. This result demonstrated that AE generation started at a specific edge during the cooling period of the second cycle, and then many AE events were generated at the center of the coating as soon as final failure of the specimen occurred. The location results of AE events generated just before the final failure of the specimen were approximately consistent with the introduced defect position. Figure 13 shows an example of the comparison between the AE waveform detected by the laser interferometer during the cooling period and the calculated waveform due to the pure shear mode microfracture. These waveforms are in good agreement as long as the reflected wave is not dominant. In this study, AE events of the specimen with an artificial defect, location and behavior of AE signals shown, respectively, in Figs. 12(c) and (f), were analyzed. From the result of the AE location, most AE events just before final failure of the specimen were generated near the center of the coating. It seems that these AE events were generated in a similar fracture mode because they were approximately similar in AE parameters, such as the arrival time interval of the longitudinal wave and the rise time (time difference between arrival and first peak).
Observation of fracture
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Microfracture mode
The first peak value of longitudinal wave is changed with the variation of the angle between the x-axis and the shear direction on the crack plane. Thus this angle, , was determined as follows: the first peak ratio of the longitudinal wave, which is the ratio of the first peak velocities of calculated and detected waveforms, was determined for each sensor position, then corresponding to this ratio was determined by eq. (8) . This analysis was carried out successfully for each AE event, and it was demonstrated that the angles between the x-axis and the shear direction on the crack plane, were distributed in the range of 56 to 78 , as shown in Fig. 14. 
Discussion
Sensitivity of laser AE system
As shown in Fig. 7(a) , the reduction of noise in the AE signal was significantly achieved by the improvement of the demodulator. This led to the possibility of detecting smaller AE signals. As shown in Fig. 7(b) , the reduction of noise in the AE signal was also achieved by averaging the signals measured with multiple channels. This means that noise components of the thermal noise in the measurement devices and those from surroundings or scatter of the laser beam on the surface were reduced. Because AE is a transient phenomenon, the popular noise reduction method of averaging reproducible events (event averaging) cannot be applied. However, Fig. 7(b) shows that channel averaging can be applied to noise reduction as an alternative to event averaging. It was expected that quantitative analysis would become possible by measuring using the improved system due to the improvement of detectability. With this system, the threshold of the surface velocity can ideally be set to the order of 0.03, 0.05 and 0.08 mm/s with LPFs of 200, 300 and 400 kHz, respectively. Considering that the threshold must be set to over 0.1 mm/s in the conventional system with a LPF of 300 kHz, the improved system can detect higher-frequency components using the same threshold, and it can detect smaller signals using lower LPF. The minimum peak velocity of AE that has been detected during the thermal cycle test was approximately 0.1 mm/s with a threshold of 0.1 mm/s and a LPF of 200 kHz. As shown in Fig. 10 , a minimum microcracking radius of 30 mm has been detected by the laser AE technique. Because the APS alumina coating has a lamellar structure formed by splat and rapid solidification of spraying powders, the TC or the TC/BC interface consists of defects of over 100 mm in diameter introduced during the spraying process. Thus, microcracks within the critical size can be detected using this technique.
Unfortunately, the detectable frequency range using the laser AE technique is limited to up to 400 kHz. If the AE signal has a wide frequency range, this will lead to the undetectability of the AE signal with a high frequency and a reduction of the high-frequency characteristics of the waveform. However, a typical AE signal includes lower-frequency components that can be detected by this laser AE technique. Therefore, the improved laser AE technique is a very effective tool for the NDE of TBC. Another disadvantage of the laser AE technique is the variation in sensitivity with surface condition. For measurements at elevated temperatures, the degradation of the surface mainly caused by oxidation affects the reflectivity of the probe beam. Therefore, as shown in Fig. 8 , the sensitivity decreases with increasing heat exposure time or number of applied thermal cycles. The thermal expansion of the substrate also leads to the reduction of sensitivity due to defocusing. A high noise level at elevated temperatures causes difficulty in the analysis of the AE source.
Microfracture process during thermal cycle test
Microscopic observation shows that two types of failures were generated during the thermal cycle test: delamination of the TC/BC interface and vertical crack in the TC (Fig. 9) . In the specimens without defects, final failure occurred after over ten thermal cycles due to spalling of the TC segmented by vertical cracks, which propagated with increasing number of the thermal cycles. In the specimens with a defect, final failure occurred within the first or second cycle due to complete delamination of the TC/BC interface, although initiation of the vertical crack at the interface was observed. On the other hand, only delamination of the TC/BC interface was observed in the specimens fractured during the thermal spraying process. These results suggest that delamination and vertical cracks are characteristic features of failure in this coating system under thermal cycles. In the case of PSZ/ MCrAlY/Ni base super alloy system, the TGO layer formed by heat exposure at the TC/BC interface strongly affected the thermal stress in the coating. For example, it was reported that the failure mode of the 8 wt%Y 2 O 3 -ZrO 2 /NiCrAlY/ SUS304 APS coating under a thermal cycle with a maximum temperature of 1173 K is the delamination of the TC/BC interface, where specimens are fractured after hundreds of thermal cycles due to the growth of the TGO layer. 25) It has been demonstrated that growth rate of the TGO layer is proportional to the 0.45 power of heat exposure time.
26) The TGO layer was not observed in this Al 2 O 3 /NiCrAlY/ SUS304 system because the total heating time (on the order of 10 3 s for 20 cycles) was too short to form the layer. Besides, thermal cycles were applied only at the center of the surface of the TC due to the use of the infrared image furnace with a spot diameter of 10 mm. Stress distributions during the thermal cycle in this study were different from that of the long-term heat-exposed TBC system. It was predicted that a different failure mode would occur.
As shown in Fig. 10 and Figs. 12(d) -(e), AE events can be clearly classified into two groups on the basis of generation temperature: elevated-temperature type (E type) and nearroom-temperature type (R type). Each event seems to corresponding to failures with a different mode. Each type of AE signal had no significant difference in shape of waveform or peak frequency. With respect to AE peak velocities, the R-type signal has a larger peak velocity compared with the E-type one. This result suggests that microcrack size corresponding to the R-type signal is larger than that of the E-type signal. By focusing on microcrack size, it can be considered that the delamination of the interface and initiation or growth of the vertical crack may be the source of the R-type and the E-type signals, respectively. As shown by the relationship between the type of AE and the number of cycles, the E-type AE signal was generated in the early thermal cycles and then the number of R-type AE events significantly increased with increasing number of cycles (Fig. 11) . As shown in the result of the AE location (Figs. 12(a) and (b) ), the R-type AE signals of the specimens without defects tended to be mainly generated at the edge part while AE signals just before the final failure were concentrated at the specific edge. Traces of vertical cracks on the BC were observed at random, where locations of R-type signals were not distributed along the traces. This suggests that generation of the R-type signal was not correlated with the initiation or growth of vertical cracks. On the other hand, as shown in Fig. 12(c) , R-type signals of the specimen with a defect demonstrated that the microfracture began at the specific edge during the cooling period of the second cycle and the final failure occurred at the center of the coating. The generation of R-type signals at the edge was a commonly observed feature in both types. However, the signals of the specimens without defects were generated at several edges, while those of the specimens with a defect were generated at the specific edge.
If heating with the infrared furnace provides sufficient thermal stress for crack propagation in the specimens, interfacial cracks will start to propagate from the defectintroduced site (center of the specimen) to the edges. However, the location of AE showed that R-type AE signals initially occurred at the specific edge and then moved toward the center. It is suggested that microcracking preferentially occurred at the edge parts because stress is sufficiently concentrated at the edge in the specimen. If the TC is heated uniformly, the thermal stress due to the misfit of the thermal expansion coefficient (CTE) in each layer is represented by
where E c and v c are the Young's modulus and Poisson's ratio of the TC, respectively, m and c are the coefficients of thermal expansion of the BC and the TC, respectively, and T s and T i are the surface temperature of TC and the TC/BC interface temperature, respectively. The temperature of the substrate bottom at the epicenter, measured by a welded thermocouple, increased to 873 K during heating and was maintained at this maximum temperature. Thus, tensile stress was applied to the TC due to substrate expansion, and then compressive stress was applied to the TC due to the contraction of the substrate during the cooling period.
Tensile stress in the TC may cause the initiation or growth of vertical cracks, and compressive stress may cause shear mode propagation of microcracking or buckling on the TC/ BC interface. This explanation qualitatively supports the experimental results. However, in the thermal cycle of this study, the maintenance time at the maximum temperature was short and the heating area was small. Thus the temperature distribution of the specimen away from the center of TC must be considered. It is desirable to study the AE behavior via dynamic stress simulation considering actual temperature distribution and thermal conduction in TC/BC.
Microfracture mode and crack propagation
The source of R-type AE signals was suggested to be the delamination of the TC/BC interface from observations, location and generation time of microcracking. However, waveform analysis is indispensable to demonstrate the microfracture mode of materials. The accuracy of this microfracture mode analysis depends on the following factors: sampling period of recording, time step of waveform in calculation, size of mesh for the calculation of wave propagation, accuracy of location of AE, used material properties and the assumption for the microcrack plane. The failure process of TBC during laser-induced thermal shocks by comparison of AE signals and FEM simulation was studied.
17) The simulation assumed that AE is located just below the ablation spot on the TC/BC interface, and the media for wave propagation is set to the infinite plate. Our simulation has the following advantages: the analytical model was set to the actual size of the specimen and the absolute surface velocity measured by the laser AE technique is directly comparable with simulated waveforms. As shown in Fig. 13 , a comparison between the simulated waveform and the detected R-type AE signal showed good agreement with the assumption of pure shear mode microfracture on the TC/BC interface, and it demonstrates that this is effective for the microfracture analysis of coatings. As shown in Fig. 14 , it became clear that shear mode fractures were generated and propagated from the edge to the center in the specimens with a defect. Generally, interfacial cracks propagate along the weak adhesion site, and the surroundings of defects will be the site of crack deflection. However, the result as shown in Fig. 14 shows that cracks propagated without deflection. This indicates that adhesion of the TC/BC interface became weak due to spraying with masking of the BC to introduce the initial defect. The interface of TC/BC was completely delaminated as soon as the generation of AE events became concentrated on the defect-introduced site. If cracks propagated very slowly, shear direction of cracks may be changed around the defect when they reached the defect-introduced site.
Conclusions
The improvement of the laser AE measuring system was carried out by two approaches: a reduction of the noise of the demodulator and the averaging of signals detected from four interferometer units. A reduction of noise led to the increase in detectability of the AE signal. This improved system was applied to the Al 2 O 3 /NiCrAlY/SUS304 APS coating system subjected to the thermal cycle test (maximum temperature of 1473 K) to identify the microfracture process. The conclusions are summarized below: (1)The detected AE could be clearly classified into two groups on the basis of generation temperature: elevatedtemperature type (E type) and near-room-temperature type (R type). Almost only E-type AE events were detected during the early thermal cycles. With increasing number of thermal cycles, R-type AE events increased paticularly. AE waveform analysis could evaluate microcracks with radii of approximately 30-300 mm until final failure of the specimen. (2) The results of the experimental AE signal and simulated wave propagation showed that shear mode microfracture occurred toward the center from one of the edges of the interface in the specimen with a defect. This result agreed with the propagation direction of delamination predicted by AE location results and the observation of the specimen after the thermal cycles were loaded.
